Abstract-Results obtained by experimentally studying two pulse stimulated echo in ferromagnetic materi als of two types are presented. Ferromagnetic Co and half metal ferromagnetic Co 2 MnSi, in which one can also observe single pulse echo formed by the mechanism of distortions of the exciting pulse edges, belong to one type. Lithium ferrite and the intermetallic compound MnSb, which are characterized by the absence of single pulse echo in them, are classed with the second type. Two relaxation times, short and long, are found for signals of two pulse echo in substances of the first type. The short time is approximately one tenth as long as the time of spin-spin relaxation of two pulse echo. The long time is close to the relaxation time for a sin gle pulse echo. Mechanisms that may be responsible for the observed special features of nuclear magnetic relaxation processes are discussed.
INTRODUCTION
The method of stimulated spin echo is one of the basic means for measuring the time of longitudinal (spin-lattice) relaxation and for studying spin diffu sion processes. In the traditional mechanism of for mation of Hahn spin echo, at least three resonance radio frequency (RF) pulses are required for observ ing a stimulated echo [1] . As is well known, the possi bility of observing the simulated echo is due to the dependence of the z component of magnetization of the jth isochromate after the completion of the second RF pulse on the phase of its transverse component at the start of the second pulse, ϕ j = Δω j τ 12 . Here, Δω j is the resonance frequency of the jth isochromate in the reference frame rotating at the RF pulse basic fre quency ω RF and τ 12 is the time interval between the first and second RF pulses. In [2] , Chekmarev and his coauthors developed a theory of single pulse echo (SPE) in Hahn spin systems-that is, a theory of a pulsed response that arises in a spin system after the application of one broad RF pulse within a time approximately equal to the duration of the exciting pulse. Later, the theory was refined in a number of studies, including those reported in [3] [4] [5] [6] [7] . It was shown that, by means of the SPE method, one can obtain nearly the same information about spin systems as by means of Hahn's method of two pulse echo (TPE). However, the authors of [2] indicated that the transverse relaxation time determined by the SPE method may differ substantially from the T 2 value within the TPE method because of the difference in the effective magnetic fields in the rotating reference 2 S T frame in the processes of dephasing and phasing nuclear isochromates, with the result that the angular velocities of precession of the jth isochromate during and after the RF pulse are different and are equal to, respectively, Δ = (Δ + ) 1/2 and Δω j = ω j -ω RF , where ω j is the frequency of the jth NMR isochromate and ω 1 = γ n ηH 1 is the pulse amplitude in frequency units; here, η is the amplification factor and γ n is the gyromagnetic ratio. Because of the inequality Δω j ≠ Δ , an SPE signal can be observed only under the conditions specified in [2] . Moreover, the transverse relaxation time may prove to be shorter than the time T 2 measured by the TPE method.
The mechanism of SPE also makes it possible to observe a two pulse stimulated echo (TPSE) in the case of additionally transmitting a short (readout) pulse [2, 8] . The point is that, during pulse propaga tion, the inclination of the isochromate precession axis (this inclination causes an ellipsoidal shape of tra jectories of isochromate precession in the xy plane and the appearance of SPE) also leads to the dependence of the z component of magnetization of the jth isoch romate on the phase of its transverse component at the instant of completion of the first pulse, = Δ τ 1 . Thus, the difference in the direction of the effective field in the rotating coordinate frame during and after the propagation of the RF pulse causes both the appearance of SPE and the possibility of observing stimulated echo, two exciting RF pulses, broad and short, being sufficient for observing simulated echo in the case being considered. Following [2, 6] , we can readily find an expression for the TPSE intensity. Suppose that a system of equi librium nuclear spins is excited by an RF pulse of duration τ 1 , amplitude H 1 , and frequency ω RF . The motion of the nuclear magnetization vector of the jth isochromate, m j , in the rotating reference frame is pre cession about the direction of the effective field
This precession is described by the set of equations (for the sake of simplicity, relaxation processes are disre garded) (2) where k and j are the unit vectors along, respectively, the z and y axes of the rotating reference frame.
From the solution of the set of Eqs. (2) in the case of equilibrium initial conditions m xj = m yj = 0 and m zj = m [2] , it follows that, after the propagation of the exciting pulse, the longitudinal nuclear magnetization is
where m is the equilibrium magnetization and θ j is the angle between the z axis and the field H e (1); also, we have sinθ j = Let us now consider the effect of the second (read out) RF pulse under the conditions where T 2 is the time of irreversible transverse relax ation and is the time of reversible transverse relax ation ( ~ 1/Δ*, where Δ* is the nonuniform NMR line width). Under these conditions, we can assume that, after the lapse of the time τ 12 , only the longitudi nal component of the nuclear magnetization survives before the application of the readout RF pulse:
A rather short, second, resonance RF pulse, during which relaxation processes and a nonuniform broad ening are inoperative, rotates the longitudinal magne tization about the axis x through an angle α, so that, immediately after the action of the readout pulse, the transverse component of the magnetization becomes
The ensuing calculation of the TPSE intensity is simi lar to the calculation performed in [2] . The first term, which reflects the dependence of the z component of magnetization of the jth isochromate on the phase of its transverse component at the instant of completion of the first pulse, = Δ τ 1 , contributes to the TPSE ( )
. 
Considering that the mechanism of SPE for mation is the most efficient in the case of the nonres onance excitation of our spin system, in which case the condition |Δω 0 | ω 1 holds [2] , we obtain the TPSE intensity in the form
where c is a coefficient that takes into account the geometry of a specific experiment, the time interval between the appearance of the TPSE and the comple tion of the readout pulse being approximately equal to the duration of the first RF pulse.
Thus, we have seen that, for an optimum observation of TPSE, it is necessary that the readout RF pulse be resonant and that the angle α be close to 90°, similarly to what we have in the case of Hahn's mechanism [1] .
The following simple estimates are valid for the TPSE and SPE intensities [2] : I TPE ~ and I SPE , respectively.
Previously, a TPSE signal for the case being consid ered was observed from Eu 151 nuclei in a polycrystal line sample of Eu 3 Fe 5 O 12 garnet ferrite at a tempera ture of 1.7 K [8] . The calculation performed on the basis of the nonresonance mechanism in [2] revealed that, in the case of a rather short readout RF pulse, the traditional Hahn's mechanism can generate yet another three observable spin echo signals at the instants τ 12 and τ 12 ± τ 1 . However, the echo intensity at the instants τ 12 and τ 12 + τ 1 is proportional to while the echo intensity at the instant τ 12 -τ 1 is pro portional to is therefore small, and escaped observation in [8] . Signals of TPSE were observed in powder samples of Fe 57 Fe, Ni 61 Ni, and Fe 51 V [9] . For τ 1 ≤ τ 2 , a TPSE signal was observed at a distance τ 1 from the trailing edge of the second pulse, its position being indepen dent of the time interval τ 12 between the exciting pulses. In the case of τ 1 > τ 2 , two simulated echo com ponents were observed, one at a distance τ 1 from the leading edge of the second pulse and the other at the distance τ 1 from its trailing edge, no SPE signal being observed in that study. In [10] , a signal from the main or multiple echo featuring a multicomponent struc ture and a linear dependence of the time of appear ance of one of its dominant components on the dura tion of the exciting pulse was observed in the same sys tems, an unusually short relaxation time being found for this component (C 2 component according to the notation adopted in [10] ) in relation to another multi
ple echo component (C 1 component) that, in the limit of short pulses, coincides with the ordinary TPE sig nal.The nature of multiple echo components was addressed in [11] by studying the example of 57 Fe NMR in lithium ferrite, where intense signals of SPE, TPSE, and multiple echo (E 1 , E 2 , C 1 , and C 2 signals [10] ) were detected simultaneously. In that study, a synchronous change in the intensities of the E 1 , E 2 , and C 2 signals versus τ 1 was observed, which is indica tive of the similarity of their formation mechanism. Moreover, the nature of the short relaxation time was clarified for the C 2 component. This time proved to be close to the relaxation time for the E 1 component, the latter being, as was established previously, nearly two orders of magnitude shorter than the transverse relax ation time T 2 as determined by means of the procedure of Hahn's two pulse echo ( = 40 μs versus T 2 = 1200 μs [12] ). In [13] , the dynamics of the E 1 and C 1 components was studied in a polycrystalline sample of ferrous Co metal, where the relationship between the relaxation times for these two components was found to be different and was determined by a relatively longer time of SPE relaxation in cobalt due to the dis tortion mechanism-namely, = (0.4-0.7)T 2 , where T 2 = 60 μs.
In this article, we present the results obtained from a similar investigation of the nature of TPSE for poly crystalline samples of lithium ferrite, cobalt, the inter metallic compound MnSb and the half metal Co 2 MnSi, where SPE signals can be formed by the nonresonance mechanism, by the distortion mecha nism, or by these two mechanisms simultaneously.
We will also study in more detail the mechanism of SPE and TPSE formation in systems where SPE sig nals studied previously were formed by the distortion mechanism.
Special features of the distortion mechanism in the formation of SPE in polycrystalline cobalt films at helium temperature were studied experimentally and theoretically in [14] . The effect of transient processes on the edges of the RF pulse used was visualized directly by feeding a signal from the spectrometer res onator to the input of a high frequency oscilloscope S 75. However, a different, more efficient, method for visualizing the effect of transient processes was pro posed in [13] . This method involves applying an addi tional magnetic video pulse (MVP) and makes it pos sible to study in more detail the structure of the RF pulse distortion. The method consists in compar ing the temporal action of MVP on SPE and TPSE signals. It is clarified in Fig. 4 of [13] for the example of lithium ferrite.
An analysis of time diagrams reveals some kind of analogy between the MVP effect on SPE and TPE sig nals in lithium ferrite.
The corresponding time diagrams of the MVP effect for Co and Co 2 MnSi were explored in [15] . The T results confirm the conclusions of [13] for a magnet where the distortion mechanism forms an SPE signal.
On the basis of the resulting pattern, we draw con clusions on the duration of transient process region in the resonance circuit of the spectrometer and assume that, as the RF pulse used becomes shorter, these regions may overlap. This would simplify the pulse structure, approaching it to a rectangular shape, in which case the edge structure of the pulse effect disap pears, thereupon manifesting itself after the applica tion of MVP [15] . In this region of pulse wavelengths, there may occur a changeover of mechanisms of SPE formation from one to another that is characteristic of systems not featuring an observable distortion of the RF pulse, where an SPE signal in the case of a reso nance effect is absent, in just the same way as in lith ium ferrite [6] .
For this purpose, we performed respective mea surements of the SPE and TPSE intensities in the region of RF pulse lengths that extends down to short pulse lengths close to the receiver dead time, which is about 1 μs in our case [13] .
EXPERIMENTAL RESULTS
AND DISCUSSION Our measurements were performed with a phase incoherent spin echo spectrometer in the frequency range of 40-400 MHz at a temperature of 77 K. In the frequency range of 40-220 MHz, use was made of a standard self excited generator. The oscillator fre quency could be smoothly tuned by means of various induction coils and trimmer capacitors. In the range of 200-400 MHz, we employed a commercial generator belonging to the Lecher type and involving a two wire line that includes two induction coils having different numbers of turns. At the pulse duration in the range between 0.1 and 50 μs, the maximum amplitude of the RF field in the sample was about 3.0 Oe, while the steepness of the pulse edges was not poorer than 0.15 μs. The receiver dead time was about 1 μs.
It is also noteworthy that, in order to study lithium ferrite, we upgraded the spectrometer resonance sys tem, following [12] ; this made it possible to improve sharply the spectrometer sensitivity in relation to that in [13] .
We used ring samples of polycrystalline lithium fer rite and its solid solutions with zinc, Li 0. Mn. These half metals are of interest for applications in spintronics [16] . As for the properties of all of the aforementioned samples, they were described in detail in [13] . Figure 1 shows oscillograms of SPE, TPSE, and multiple echo signals after the action of two RF pulses of an optimum power on lithium ferrite and cobalt, while Figs. 2-6 give the corresponding relaxation dependences obtained for TPSE, SPE, and TPE in lithium ferrite, cobalt, MnSb, and Co 2 MnSi upon a variation in the time width of the first, broad, RF pulse at a fixed value of τ 12 . It should also be noted that, in the limit of a single excitation by a pair of RF pulses (see Fig. 7 ), SPE signals are not observed in lithium ferrite or in the intermetallic compound MnSb under conditions of our experiment.
The corresponding graphs in Figs. 3 and 5 suggest that our assumption of the changeover of the SPE for mation mechanism in response to a decrease in the duration of the first RF pulse may prove to be valid since the experimental dependences of the TPSE intensity on the duration of the first RF pulse show no special features in the region of τ 1 values at which the SPE intensity begins decreasing in the case of spin echo from 59 Co nuclei. Moreover, the observed relax ation dependences can be approximated in terms of two relaxation processes: one induced by the distor tion mechanism and the other characterized by a sub stantially shorter relaxation time and associated, in all probability, with a nonresonance mechanism. We note that only in observing echo signals from 59 Co nuclei in Co and in Co 2 MnSi do SPE signals have a characteris tic humplike shape, but that there is no such shape in the case of SPE from 55 Mn and
57
Fe nuclei. This may be due to an anisotropic hyperfine interaction, which is much stronger in the case of 59 Co positions. Thus, fast relaxation processes observed in the present study for TPSE signals are likely to be similar to the processes that were first discovered experimen tally in [11] and admit an interpretation within the nonresonance mechanism considered in [2, 12] .
The proposed approach may prove to be useful for revealing the nature of the mechanism of SPE forma tion in systems where the distortion mechanism is effi cient. Moreover, this approach may provide deeper insights into the problem of assessing the degree to which the properties of SPE in such systems are deter mined by physical properties of the samples under study (for example, a ferrous metal or a magnetic dielectric-that is, a ferrite) and, on the contrary, the degree to which they are governed by transient pro cesses in spectrometer resonators.
In summary, we have studied TPSE in various mag netic materials, such as lithium ferrite Li 0.5 Fe 2.5 -x Zn x O 4 and the intermetallic compound MnSb, where SPE signals are not observed under conditions of a single application of an RF pulse, and such where, under the same conditions, SPE is observed and is formed by the distortion mechanism (cobalt and the half metal Co 2 MnSi).
In these magnetic materials, processes of TPSE relaxation have a two component character. For one of the components, the relaxation rate is approxi mately an order of magnitude higher than the rate of spin-lattice relaxation for TPE, while, for the other, the relaxation rate is close to the rate of the transverse relaxation of SPE in systems where it is the distortion mechanism that forms this type of echo.
Moreover,our experimental results indicate that the anisotropy of the hyperfine field can play a non trivial role in the formation of the characteristic hum plike dependence of SPE from
59
Co nuclei in Co and Co 2 MnSi on the duration of the RF pulse used. (1) and TPSE (2) versus the rep etition frequency F for the pulse sequence in lithium fer rite. For SPE, f NMR = 71 MHz and τ r = 8.5 μs (τ 1 = τ r is the duration of the RF pulse), while, for TPSE, f NMR = 71 MHz, τ 1 = 15 μs, τ 2 = 1.2 μs, and τ 12 = 60 μs [11] .
